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SECTION  I 


INTRODUCTION 

The  objectives  of  the  current  program  were:  (1)  to  compare  defor- 
mation and  friction  data  derived  from  the  Terra  Tek  test  technique 
with  data  from  other  types  of  in  situ  tests,  (2)  to  evaluate  this 
technique  in  a variety  of  rock  types,  structural  configurations  and 
under  conditions  typical  of  field  sites,  (3)  to  conduct  a series  of 
field  and  laboratory  tests  to  study  the  effects  of  specimen  size, 
anisotropy  and  saturation  on  the  strength  and  deformation  of  the  rock 
and  relate  this  and  other  data  to  the  in  situ  and  laboratory  tests. 

The  determination  of  the  in  situ  properties  of  a rock  mass  is  a 
prerequisite  for  predicting  its  response  to  static  or  dynamic  loads. 

The  accuracy  of  calculations  of  stress  and  displacement  is  only  as 
good  as  our  measurement  of  rock  mass  properties.  The  rock  mass  will 
consist  of  intact  blocks  or  layers  sepai ated  by  structural  disconti- 
nuities such  as  joints,  bedding  planes  or  faults.  Adequate  modeling 
of  the  response  in  rocks  with  sharp  structure i discontinuities,  therefore, 
requires  determination  of:  (1)  intact  properties  of  the  rock,  (2) 
frictional  properties  of  the  discontinuities  and  (3)  block  interaction 

phenomena.  The  methods  for  obtaining  the  required  rock  and  soil  pro- 

1 2 3_6 

perties  are  field  tests,  ’ laboratory  tests  and  model  studies 
simulating  jointed  rock  masses. 


1 


In  determining  these  properties,  the  concept  of  "scale  or  size 

effect"  must  be  considered  with  respect  to  both  "intact"  and  jointed 

2 

specimens  if  properties  are  to  be  meaningful.  In  addition,  the 

"homogeneity"  of  the  material  with  respect  to  strength,  deformation 

and  stress-wave  propagation  should  be  ascertained. 

Mathematical  models  for  "intact"  rock,  concrete  and  soil  have 

11  1?  11 

been  developed  using  elastic  ideal ly-pl astic,  variable  moduli  ’ 

and  cap  models.^  Nonlinear  constitutive  equations  have  been 

15 

developed  by  Herrmann  and  Nunziato.  Eacn  of  these  models  has  various 
advantages  and  disadvantages  toward  fitting  observed  experimental 
phenomena  such  as  yield  compaction,  work  hardening,  dilation  and 

c 

hysteresis;  and  being  rigorous  from  a theoretical  standpoint.  Mathe- 
matical models  that  simulate  rock  mass  response  and  account  for  dis- 
continuities fall  into  two  categories:  (1)  continuum  models  that 
include  "degraded"  properties  to  account  for  discontinuities^’^  and 

ID  Ol 

(2)  discrete  models,  " for  either  finite  element  or  finite  difference 
calculations,  which  try  to  account  for  the  strength  and  moduli  of  the 
rock  mass  by  incorporating  properties  of  joints  and  other  disconti- 
nuities as  well  as  "intact"  properties. 
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SECTION  II 


TEST  SITE  LOCATIONS 

Several  sites  at  which  the  United  States  Bureau  of  Reclamation 
had  conducted  in  situ  direct  shear,  radial  jacking  or  other  in  situ 
dynamic  tests  were  investigated  as  potential  test  sites  (Table  I). 

These  dam  sites  included  Grand  Coulee,  Washington;  Dworshak,  Idaho; 
Yellowtail , Montana;  Auburn,  California;  Morrow  Point  and  Twin  Forks, 
Colorado;  Flaming  Gorge,  Utah  and  Glen  Canyon,  Arizona.  Three  sites 
were  selected--Auburn , Morrow  Point  and  Glen  Canyon — based  on: 

(1)  available  field  test  data,  (2)  rock  type  and  geologic  structure, 

(3)  availability  of  test  site  locations  aid  (4)  logistical  consider- 
ations. 

Morrow  Point  Damsite 

The  Morrow  Point  complex  located  20  miles  east  of  Montrose, 

Colorado,  on  the  Gunnison  River,  is  comprised  of  a double-curvature, 

15 

thin  arch  dam  and  associated  underground  powerplant.  The  power 
plant  chamber  was  excavated  in  the  wall  of  the  left  abutment,  400  feet 
below  the  ground  surface.  The  rock  at  the  damsite  consists  of  irregular 
lenticular  beds  of  Precambrian  quartz-mica  shist,  mica  shist  and 
micaceous  quartzite  which  has  been  intruded  by  granitic  pegmatite.  The 
rock  mass  is  both  heterogeneous  and  anisotropic  due  to  the  variability 
in  rock  type,  highly  developed  foliation  and  pervasive  joint  sets 
(Figure  1).  In  situ  tests  were  conducted  by  the  U.S.  Bureau  of  Relca- 
mation  in  exploratory  adits  in  the  left  and  right  dam  abutments.  Direct 
shear  and  sliding  friction  tests  and  uniaxial  jacking  tests  were 
conducted  to  obtain  frictional  and  deformational  properties,  respectively. 
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Figure  1.  Highly  foliated  Precambnan 
schist  and  gneiss,  Morrow 
Foint  Dam,  Colorado. 


In  addition,  seismic  velocity  measurements  were  used  to  calculate  the 
in  situ  modulus  over  large  volumes  of  rock. 

An  attempt  was  made  by  Terra  Tek  to  conduct  an  in  situ  shear  test 
on  a jointed  specimen  located  on  the  sloping  30°  surface  at  the  left 
dam  abutmint.  The  rock  was  composed  of  interbedded  quartz  mica  shist 
and  micaceous  quartzite.  We  were  unable  to  excavate  specimens  for 
in  situ  tests  because  of  the  highly  fractured  nature  of  the  material 
due  to  blasting.  The  area  where  the  original  U.S.  Bureau  of  Reclamation 
(USBR)  tests  were  conducted  had  been  either  destroyed  or  subsequently 
grouted  during  the  construction  phase  of  the  project.  In  addition,  cores 
were  also  taken  to  provide  specimens  for  laboratory  tests. 

We  decided  to  abandon  the  Morrow  Point  site  and  to  conduct  a test 
series  at  the  Mixed  Company  test  site. 

Mixed  Company  Test  Site 

The  test  site  for  the  Mixed  Company  program,  a series  of  high- 
explosive  experiments,  is  located  17  miles  west,  southwest  of  Grand 
Junction,  Colorado.  The  site  is  situated  on  the  broad  plane  of  the 
Uncompahyre  Plateau;  part  of  the  Colorado  Plateau  physiographic  province. 
The  stratigraphic  column  at  the  site  is  composed  of  a flat  lying 
sedimentary  sequence  of  sandstones,  siltstone  and  conglomerates  (Figure 
2).  The  Precambrian  basement  is  found  at  a depth  of  500  (±50)  feet. 

The  Keyenta  formation,  which  outcrops  at  the  surface  of  the  site, 
consists  of  massive  to  thin  beds  of  sandstone,  siltstone  and  conglo- 
merate with  occasional  layers  of  shale. ^ The  unit  is  approximately 
70  feet  thick.  Our  test  site  was  located  in  a flat  exposure  approxi- 
mately 500  feet  from  the  Air  Force  Weapons  Laboratory  CIST  experiment 


OVERB'.'RDSN 


PRECAMBRIAN 


MATERIAL 

DEPTH  DESCRIPTION 

SANDY  CLAYEY 
5t3  FT  SILT 

INTERMIXED  SILTSTONES, 
SANDSTONES,  MUDSTONES 
AND  CONGLOMERATES 


70+20  F* 

MASSIVE  CROSS- 
BEDDED  SANDSTONE 


400+25  FT 

MASSIVE  SILTSTONE 
WITH  BEDS  OF 
LIMESTONE 


500+  50  FT 

SCHIST  AND  GNEISS 


Figure  2.  Stratigraphic  section  at  the  Mixed  Company  test  site. 
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(Figure  3).  The  medium-grained  sandstone  member  tested  by  Terra  Tek 

was  6 to  8 feet  thick  and  was  relatively  homogeneous  over  the  test 
area  of  interest  (Figure  4). 

Auburn  Damsite 

Auburn  dam,  located  on  the  North  Fork  of  American  River,  40  miles 
northest  of  Sacramento,  California,  will  be  a double-curvature  arch 
dam.  The  foundation  of  the  damsite  consists  primarily  of  foliated 
amphibolite  with  minor  amounts  of  talc  and  chlorite  schists.  Faults, 
shear  zones  and  several  joint  sets  were  found  in  both  abutments. 
Extensive  field  and  laboratory  tests  were  conducted  by  the  U.S.  Bureau 
of  Reclamation  (USBR)  to  determine  deformational  and  frictional  pro- 
perties of  the  foundation  rock.17  in  situ  tests  included  direct  shear 
and  sliding  friction  tests  on  joints  (Figure  5),  radial  and  uniaxial 
jacking  tests  to  obtain  deformation  modulus  and  overcoring  techniques 
to  measure  in  situ  stress  conditions.  These  tests  were  conducted  in 
six  exploratory  adits.  Laboratory  tests, including  triaxial  and  direct 
shear  tests,  were  also  conducted.  In  order  to  compare  our  testing 
technique  with  that  of  the  USBR,  a series  of  in  situ  and  laboratory 
tests  was  conducted.  The  in  situ  tests  consisted  of  uniaxial 
stress  and  direct  shear  tests  on  amphibolite  and  chloritic 
schist.  The  -,n  situ  tests  were  conducted  in  the  exploratory  tunnels 
in  close  proximity  to  the  test  areas  used  by  the  USBR  (Figure  6). 

Cores  of  intact  rocks  and  jointed  specimens  were  also  taken  for  the 
laboratory  program  which  consisted  of  direct  shear  and  sliding 
friction  tests. 
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Test  site  location  at  the  Mixed  Company 
test  site. 


Drill  ritj  is  positioned  for  slottin 
specimen  at  Mixed  Company  test  site 
and  cores  in  background. 


SHEAR  ZONE 
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BLOCK  v 
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Schematic  of  U.S.  Bureau  of 
Reel  amaticn  '•  < di rect 

shear  test.  Auburn  damsite, 
California.  (Ref.  1) 


Figure  6.  Instrumented  '»  ,-:n<  test  in  exploratory  adit  at 
Auburn  damsite.  Radial  jacking  test  location 
(USBR)  is  seen  at  far  right. 
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Glen  Canyon  Dam 


The  Glen  Canyon  dam  and  powerplant  is  located  on  the  Colorado 
River.  2 miles  from  Page,  Arizona.  The ‘ foundation  of  the  dam  is 

situated  in  the  Navajo  formation;  a coarse-grained  cross-bedded 
sandstone  (Figure  7).  Bedding  in  the  unit  is  very  massive  and  the 
joint  spacing  is  wide.  The  USBR  h;.s  conducted  a series  of  in  situ 
shear  and  uniaxial  jacking  tests  to  determine  friction  and  deformation 
of  the  rock.  In  addition,  they  conducted  laboratory  tri axial  and 
direct  shear  tests.  A series  of  in  situ  and  laboratory  shear  tests 
was  conducted  on  both  the  joints  and  cross  beds  in  adits  associated 
with  the  service  road  leading  from  the  dam  to  the  top  of  the  canyon 
(Figure  8)  and  located  near  sites  where  the  Bureau  conducted  shear 


tests. 


Massive  cross-bedded  Navajo  sandstone 
located  at  Glen  Canyon,  Arizona. 


Figure  8.  Test  site  location  in  adit 
at  Glen  Canyon  dam. 


4vypi,  IIIJ  U*  H J ^ «.«■ . ,<K.  U,  W MUPB  J > |i* -W  ■* >.«*■*,?- . UJL  -...V  '-1'Ull  HR  W. 


SECTION  III 
TEST  PROGRAM 

Field  Program 

The  in  situ  test  program  was  conducted  at  the  four  field  sites 
previously  discussed:  (1)  Auburn  damsite,  California;  (2)  Mixed 
Company  test  site,  Colorado;  (3)  Morrow  Point  damsite,  Colorado  and 
(4)  Glen  Canyon  damsite,  Arizona.  The  studies  at  the  sites  consisted 
of  in  situ  shear  and  deformation  tests  on  samples  ranging  from  12  to 
66  inches  in  length.  The  tests  are  summarized  in  Table  II.  The 
tests  were  conducted  under  a wide  variety  of  field  conditions  including 
the  excavation  of  large  samples  on  slopes  up  to  30°  (Figure  9)  and 
smaller  samples  on  vertical  walls  in  exploratory  adits  (Figure  10). 

Rock  types  at  the  sites  (which  included  amphibolites,  gneisses,  shists 
and  sandstones)  varied  greatly  in  their  response  to  loading.  The 
structural  environment  also  varied  significantly,  ranging  from  massive 
sandstones  to  highly  contorted  and  fractured  gneiss  and  amphibolite. 

Laboratory  Program 

Laboratory  studies  were  also  conducted  at  the  various  sites. 

Direct  shear  tests  were  conducted  on  6-inch  cores  containing  natural 
undisturbed  joints  from  Auburn,  California,  Cedar  City,  Utah,  and 
Page,  Arizona.  Specimens  of  Navajo  sandstone  from  Page,  Arizona, 
containing  natural  crossbeds  were  tested  to  determine  whether  the 
crossbeds  could  or  do  act  as  planes  of  weakness  in  the  massive  unit. 

In  addition  to  the  field  tests  at  the  Mixed  Company  site,  a series 
of  uniaxial  and  triaxial  compression  tests  were  conducted  on  "intact" 
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Test  location  and  drilling  rig  at  Morrow  Point 
dam,  Colorado. 


Specimen  of  chloritic  schist 
being  excavated  on  vertical 
wall.  Auburn  dam,  California 


specimens  of  Kayentc  sandstone  ranging  in  diameter  from  3/4  to  6 
inches  (Table  III).  The  objectives  of  this  study  were  to  study  the 
effects  of  specimen  size,  degree  of  saturation  and  variation  in  poro- 
sity on  strength  and  deformation.  Approximately  65  tests  were  con- 
ducted on  this  part  of  the  program. 

A series  of  servocontrolled  direct  shear  tests  along  various 
load  paths  was  conducted  on  natural  and  prepared  surfaces  of  Cedar 
City  quartz  diorite.  The  objectives  of  the  direct  shear  tests  on 
Cedar  City  quartz  diorite  were:  (1)  to  simulate  the  load  paths  followed 
in  the  field  tests  conducted  on  large  specimens  and  (2)  to  determine 
the  effect  of  load  path  on  both  the  ultimate  shear  strength  and  shear 
stiffness  on  natural  and  prepared  surfaces  of  various  roughnesses. 


Table  II.  In  Situ  Test  Series 


Test  No. 


8 

9 

10 
11 


Site 

Auburn  Damslte 


Mixed  Company 
Test  Site 


Morrow  Point 
Damslte 
Glen  Canyon 
Damslte 


Test  location 


Auburn,  Cilif. 

Auburn  , Calif. 

Grand  Junction,  Col . 
Grand  Junction,  Col . 
Grand  Junction,  Col . 
Grand  Junction,  Col . 

Morrow  Point,  Col . 

Page,  Arizona 
Page,  Arizona 
Page,  Arizona 
Page,  Arizona 


Test  Size 
(Inches! 


12 

12 

6 

12 

24 

36 


18 

18 


x 12 
x 24 
x 36 
x 72 


18  x 36 

6 x 12 
12  x 24 
12  x 24 
18  x 36 


Angle  of  Joint 
to  Load 


45°  Joint 
intact  specimen 

Intact  specimen 
Intact  specimen 
intact  specimen 
Intact  specimen 

45°  joint 

45°  joint 
45°  joint 
Intact  specimen 
intact  specimen 


Comments 

amphibolite 
chlorltlc  schist 

sandstone 

schist  and  quartzite 
sandstone 
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SECTION  IV 


EXPERIMENTAL  TECHNIQUES 


Specimen  Preparation 

The  in  situ  specimens  were  prepared  by  the  drilling  techniques 
and  equipment  previously  developed.  Briefly,  three  slots,  two  at 
60°  to  the  surface  of  the  outcrop  to  form  the  sides  of  the  specimen 
and  one  vertical  slot  to  form  the  end  of  the  specimen,  are  cut  by  a 
drilling  technique  (Figure  11).  In  this  technique  a row  of  1 1/2-inch 
diameter  holes  are  drilled  on  2 1/2-inch  centers;  the  web  between 
the  holes  is  subsequently  removed  by  a drill  situated  between  guides. 
Jointed  specimens  are  prepared  by  first  cutting  a single  60°  slot, 
backfilling  with  sand,  then  cutting  the  6-inch  wide  vertical  end  slot. 
After  the  flatjack  package  is  grouted  in  place  the  hydrostone  allowed 
to  harden,  the  final  slot  is  cut  in  a manner  similar  to  the  first. 
Specimens  12  x 24  inches  and  smaller  were  prepared  using  a template 
bolted  to  the  surface  of  the  rock.  The  template  accommodates  a 
3/4-inch  carbide  drill  with  holes  spaced  1/2  inch  apart.  The  webs 
between  the  holes  are  subsequently  broached  using  a power  impact 
chisel . 

At  the  Auburn  damsite  the  in  situ  specimens  had  to  be  diamond  cored 
because  of  the  composition  and  structural  complexity  of  the  rock.  In 
addition,  a special  reaction  frame  had  to  be  designed  to  excavate  the 
samples  in  the  exploratory  tunnels  (Figure  12). 

The  surface  of  the  specimen  is  prepared  for  strain  gaging  by  grind- 
ing tiie  surface  smooth,  filling  holes  and  pits  with  epoxy  and  regrind- 
ing and  sanding  to  attain  a final,  smooth  surface. 
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Drilling  rig  and  partially 
prepared  in  situ  specimen. 
Flatja.ck  package  at  left. 


Special  drilling  frame  developed  for  specimen 
preparation  in  the  Auburn  damsite  exploratory 
adit. 


The  laboratory  specimens  were  cored  from  the  same  joints  as  were 
tested  in  situ.  Prior  to  breaking  the  core  from  the  host  rock,  the 
specimens  were  banded  so  that  no  movement  would  occur  along  the  joint. 
Each  6-inch  diameter  core  was  at  least  6 inches  long.  During  all 
cutting  procedures  in  the  laboratory,  the  joint  was  sealed  so  that 
water  could  not  penetrate  the  joint,  thus  changing  its  character. 

Solid  NX  core  was  taken  at  several  locations.  These  cores  were  either 
cut  in  half  lengthwise  by  a diamond  saw  providing  a direct  shear 
specimen  with  a surface  relief  of  about  600  to  700  microinches,  or 
broken  in  a Brazilian  tension  test  to  provide  a fresh  surface  with 
a relief  of  about  0.1  to  0.2  inch.  The  specimens  were  then  cast  in 
hydrostone  prior  to  testing  in  direct  shear.  Intact  specimens  were 
cored  using  conventional  precedures. 

Loading  System 

The  system  used  to  apply  the  axial  load  to  the  in  situ  system 
consisted  of  a flatjack  package  pressurized  by  a hydraulic  system. 

The  package  consisted  of  three  triangular  stainless  steel  flatjacks 
sandwiched  between  two  triangular  2-inch  steel  plates.  Details  of 
the  flatjack  construction  and  method  of  calibration  of  efficiency  as 
a function  of  pressure  and  size  is  described  in  Reference  2.  A 
pneumatic-hydraulic  pumping  system  was  fabricated  to  supply  water 
containing  water-soluble  oil  to  the  flatjacks  in  the  loading  package 
(Figure  13).  Pressure  wa^  supplied  by  1100  psi  and  6600  psi  Sprague 
pumps  and  monitored  by  10,300  psi  Crosby  Bourdon  tube  gages  and  1000, 
5000  and  10,000  psi  pressure  transducers. 
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Instrumentation 


In  Lilu  Testa 

The  pressure  applied  to  the  joint  specimen  was  measured  by  10,000, 
5000  and  1000  psi  transducers.  Direct  Current  Differential  Transducers 
(DCDTs)  measured  total  axial  strain  and  shear  displacement  along  the 
joint.  Output  from  the  pressure  transducers,  DCDTs  and  linear  poten- 
tiometers was  monitored  on  a 9-channel  oscillograph  recorder  and  X-Y 
recorder.  Micromeasurement  20  CBW,  2-inch  gage  length,  foil  strain 
gages  were  placed  axially  and  transversely  at  several  locations  on  the 
top  of  the  specimen.  All  gages  are  water  proofed  and  temperature  com- 
pensated. 

Strain  gage  output  was  channeled  through  a 12-channel  bridge 
balance  to  a 24-channel  .ecorder.  A schematic  of  the  instrumentet  on 
is  shown  in  Figure  14. 

Laboratory  Tests 

The  direct  shear  tests  were  conducted  on  a 235-kip,  servo-controlled 
arect  shear  machine  (Figure  15).  Normal  and  shear  stresses  are  applied 
by  independently  controlled  235-kip  cylinders.  This  closed-loop 
system  makes  it  possible  to  keep  the  normal  stress  constant  or  vary 
it  at  will  throughout  the  test.  Maximum  shear  displacement  allowed 
is  3 inches,  but  in  most  tests,  maximum  displacement  was  0.1  to  1 inch. 
Unique  features  of  the  test  equipment  include  an  oil  bearing  instead 
of  roller  bearings  to  reduce  friction  and  an  alignment  scheme  to 
prevent  rotation  during  the  test.  Normal  and  shear  stresses  are  monitored 
by  calibrated  load  cells;  shear  displacement  by  a single  DCDT  and  the 
vertical  displacement  by  two  DCDTs,  one  mounted  on  either  side  of 
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Pi:]ure  14.  Schematic  of  instrumentation  layout 


figure  15.  Servo-controlled  direct  shear  machine. 


the  shear  box.  Normal  stress,  shear  stress  and  shear  displacement  are 
plotted  on  an  X-Y-Y'  recorder. 

All  data  is  inputed  into  a Digital  PDP  11  computer.  From  shear 
stress  and  normal  stress  displacement  data,  shear  and  normal  stiffnesses 
are  computed.  An  example  of  the  computer  output  from  a typical  test 
is  shown  in  Figure  16. 
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SECTION  V 


TEST  PROCEDURE 

In  situ  Deformation  Tests  on  Intact  and  Jointed  Rock 

The  first  flatjack  next  to  the  specimen  is  pressurized  to  approx- 
imately 0.25-in^h  displacement  (total  width  of  three  jacks  is  0.5  inch), 
which  corresponds  to  a pressure  of  approximately  200  psi.  The  valving 
is  arranged  so  that  the  front  flatjack  can  be  shut  off  from  the  rest 
of  the  system  except  for  a direct  line  to  the  pressure  transducer. 

This  first  jack  is  then  used  as  a pressure  cell  for  the  rest  of  the 
test.  Since  it  contains  a fixed  volume  of  fluid,  its  thickness  does 
not  vary  significantly,  thus  eliminating  this  test  variable.  One 
purpose  of  the  first  jack  is  to  "snug  up"  the  flatjack  package.  The 
specimen  is  usually  slightly  strained  at  this  time. 

The  second  jack  is  then  pressurized  to  a total  width  of  0.75  inch 
(0.58-inch  displacement).  If  displacement  along  the  joint  or  failure 
has  not  occurred  before  this  displacement,  the  second  jack  is  closed 
off  and  the  third  jack  is  pressurized  to  the  same  displacement. 
Displacenit.it  along  the  joint  usually  occurred  during  pressurization 
of  this  jack.  Rate  of  loading  was  approximately  50  psi/minute.  If 
failure  of  some  type  has  not  occurred  at  this  point,  then  the  valves 
to  the  second  and  third  flatjacks  are  reopened  and  all  the  jacks 
except  the  front  jack  are  pressurized  simultaneously  until  failure  of 
the  rock  or  one  of  the  flatjacks  occurs. 

Laboratory  Tests 

In  the  laboratory  direct  shear  tests,  the  predetermined  normal 
stress  is  applied  by  the  vertical  piston.  For  the  "typical"  direct 
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shear  test,  shear  displacement  rate  is  programmed  and  the  shear  stress, 
normal  stress,  shear  displacements  and  vertical  displacements  are 
monitoied.  For  "proportional -loading"  direct  shear  tests,  an  initial 
predetermined  normal  stress  is  first  applied.  Then  the  shear  stress 
and  normal  stress  are  applied  so  that  the  ratio  of  r /o  is  kept  con- 
stant during  loading  until  gross  shearing  occurred.  For  all  tests, 
the  normal  stress  was  compensated  as  the  contact  area  between  blocks 
changed  durirg  displacement.  A change  in  area  of  1.6  percent  occurs 
when  a 6-inch  x 6-inch  sample  is  displaced  0.1  inch.  Rate  of  shear 
displacement  was  approximately  0.10  inch/minute. 


SECTION  VI 


EXPERIMENTAL  RESULTS 

Auburn  Damsi te 

Both  in  situ  and  laboratory  tests  were  conducted  at  the  Auburn 
damsi te  (Table  II).  Deformation  and  frictional  properties  were  measured 
on  an  amphibolite  specimen  containing  a single  joint  and  an  "intact" 
chlorite  schist  specimen.  The  stress-strain  response  gives  a modulus 
of  5.0  to  7.4  x 106  psi  and  \>  = .29  for  the  amphibolite  (Figure  17). 

These  modulus  values  are  similar  to  those  obtained  by  the  USBR  using 
a radial  jacking  test.  They  obtained  moduli  ranging  from  5 to  10  x j. u psi 
at  distances  of  10  to  15  feet  from  the  tunnel  wall.^ 

The  frictional  response  of  the  amphibolite  measured  by  us  is 
comparable  to  that  measured  by  the  U.S.  Bureau  of  Reclamation  (USBR). 

The  maximum  shear  strength  (t  ) at  a n = 700  psi  is  710  '20  psi  for  our 
test  and  700  psi  for  a USBR  test.  Laboratory  direct  shear  tests  gave 
a friction  angle  U)  of  38°  for  the  rock  tested  by  us;  the  USBR  data 
gave  a $ of  40  (Figure  18).  The  friction  envelope  developed  from 
initial  shear  strength  (t^)  was  non-linear  at  higher  normal  stress  and 
fell  significantly  below  maximum  shear  strenyth  data.  Shear  stiffness 
calculated  from  the  field  and  laboratory  data  (Figure  19)  indicated 
that  the  field  specimens  were  stiffer  at  comparable  normal  stresses. 

At  on  = 700  psi,  the  field  specimen  had  a shear  stiffness  of  34  x 103 
psi/in  while  the  laboratory  specimen  had  a stiffness  of  23  x 103  psi/in. 
Shear  stiffness  is  defined  as  the  slope  of  the  shear  stress-displacement 
curve.  Each  of  these  specimens  contained  only  a single  joint. 
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An  extensive  series  of  in  situ  and  laboratory  tests  were  conducted 
at  the  Mixed  Company  test  site  (Table  III).  The  field  specimens  ranged 
in  size  from  12  x 24  inches  to  36  x 72  inches;  the  laboratory  specimens 
from  3/4  x 1 1/2  inches  to  6 x 12  inches.  The  objectives  of  the  tests 
were  to:  (1)  conduct  a study  to  determine  the  effect  of  specimen  size 


on  strength  and  deformation,  (2)  study  the  effect  of  bedding  orientation 
on  strength  and  deformation,  (3)  study  the  effect  of  saturation  on 
strength  and  deformation  and  (4)  study  effect  of  specimen  density  on 
strength.  In  reality,  dry  density  is  directly  correlative  with  porosity 
since  the  sandstone  is  essentially  monomineral ic.  Ihe  porosity  of  the 
specimens  tested  ranged  from  15  to  27  percent. 

Size  Effects 

Uniaxial  stress  tests  were  conducted  over  a range  of  effective 
diameters  from  .75  to  20  inches.  The  effective  diameter  is  defined  as 
the  diameter  of  a right  circular  cylinder  having  the  same  volume  as  the 
triangular  prism.  Over  this  range  the  strength  of  the  specimens 
decreased  by  a factor  of  2 (Figure  20).  However,  the  Young  s modulus 
remained  relatively  constant,  approximately  2.0  x 106  psi  (Table  III). 
All  of  these  specimens  were  located  parallel  to  the  bedding. 
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tested  perpendicular  to  bedding  was  significantly  higher  (25  percent) 
than  those  tested  parallel  to  bedding.  This  trend  in  strength  dif- 
ference was  found  to  be  consistent  over  a range  of  densities  noted  for 
the  Kayenta  sandstone.  On  the  other  hand,  the  elastic  modulus  of  the 
samples  parallel  to  bedding  was  generally  higher  than  the  modulus  of 
the  samples  perpendicular  to  bedding  (Figure  22).  Tests  with  bedding 
oriented  30°  to  the  sample  axis  will  be  conducted  in  the  future.  Longi- 
tudinal velocity  was  measured  on  laboratory  samples  both  perpendicular 
and  parallel  to  bedding.  The  velocity  measured  perpendicular  to  bedding 
was  7080  fps  compared  to  8610  fps  parallel  to  bedding;  an  anisotropy  of  18%. 
This  is  in  agreement  with  the  modulus  data  mentioned  above. 

Effect  of  Saturation 

The  effect  of  saturation  on  unconfined  strength  and  deformation  was 
studied  on  small  laboratory  specimens.  Saturation  resulted  in  a reduc- 
tion of  strength  from  4600  to  3300  psi  (Figure  23a),  approximately 
28%.  Because  of  the  large  data  scatter  at  the  higher  percent  satura- 
tion, it  is  difficult  to  determine  whether  there  is  decrease  for 
specimens  with  greater  than  75  percent  saturation.  The  strain  at  failure 
appears  to  increase  to  a maximum  at  60  percent  of  saturation,  then 
decrease  to  a value  approximately  equal  to  the  strain  at  failure  for 
dry  specimens  (Figure  23b).  The  elastic  modulus  of  dry  specimens  tends 
to  be  greater  than  saturated  specimens,  although  data  scatter  is  large 
(Figure  22). 

Effect  of  Porosity 

The  effect  of  porosity  on  strength  and  deformation  can  be  studied 
because  density  can  be  directly  related  to  porosity  since  the  Kayenta 
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sandstone  'tested  is  primarily  composed  of  quartz  with  minor  feldspar  and 
rock  fragments  bonded  with  silica  cement  (figure  24).  The  densities  of 
the  quartz,  feldspar  and  rock  fragments  are  all  approximately  2.63  to 
2.65  gm/cc.  The  strength  of  intact  sandstone  increased  with  confining 
pressures  up  to  4.0  kbars  (Figure  25).  The  increase  in  strength  with 
density  was  greater  at  higher  confining  pressures  as  indicated  by  the 
slopes  in  the  strength-density  curves.  The  range  of  porosities  tested 
was  calculated  to  be  from  15  to  27  percent.  The  elastic  modulus  also 
increased  with  increasing  density  (rigure  25). 

Glen  Canyon 

In  3itu  tests  were  conducted  on  jointed  and  intact  specimens  located 
in  adits  of  the  access  tunn-1  to  Glen  Canyon  Dam.  Two  triangular  prisms 
with  natural  joints  oriented  45'  to  the  specimen  axis  were  sheared 
(Figure  26).  The  8-inch  by  12-inch  specimen  from  adit  #2  had  very  low 
joint  contact  prior  to  loading  and  consequently  sheared  to  large  dis- 
placement under  relatively  small  shear  stress.  However,  the  maximum 
shear  stress  of  the  8-inch  by  12-inch  specimen  approached  the  residual 
shear  stress  of  the  12-inch  by  18-inch  specimen.  The  12-inch  by  18-inch 
specimen  sheared  to  a residua,  shear  stress  less  than  one-half  its  peak 
shear  stress.  Two  intact  specimens  (Figure  27)  were  loaded  to  failure 
in  uniaxial  compression.  The  18-inch  b,v  34-inch  specimen  in  adit  #5 
appeared  to  fail  along  bedding  planes  parallel  to  the  prisms  top  surface 
while  the  12-inch  by  18-inch  specimen  in  adit  #2  sheared  at  an  angle 
between  30  and  40  to  the  top  surface.  Failure  occured  at  a stress  of 
1500  psi.  Adit  #2  is  located  about  150  feet  lower  in  the  sandstone 
formation  than  adit  #5  and  contained  denser  and  stronger  rock. 
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Figure  24.  Photomicrograph  of  Kayenta  sandstone  (x  30) 
a.  Plain  light  illustrating  highly  porous 
nature  of  material,  b.  Cross  nicols. 
Dominant  mineral  present  is  quartz  (Q)  with 
minor  feldspar  (F ) and  rock  fragments  (R). 


Figure  25.  Stress  difference  as  a function  of  density 

for  triaxial  tests  up  to  P = 4.0  kbars. 
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The  in  situ  specimens  had  Young's  moduli  of  1.5  and  1.25  x 10b  psi . 

These  values  are  higher  than  the  moduli  obtained  by  uniaxial  jacking 

tests  conducted  by  the  USBR  in  the  left  abutment.  The  moduli  obtained 

by  them  averaged  1.0  x 106  psi  for  horizontally-oriented  tests  while 

vertically-oriented  tests  averaged  1.25  x 10b  psi.  Seismic  tests  con- 

22 

ducted  at  the  same  location  also  average  1.25  x 106  psi.  We  conclude 
that  cur  test  results  compare  favorably  with  those  of  the  U.S.  Bureau 
of  Reclamations.  Results  from  the  in  situ  shear  tests  conducted  by  the 
Bureau  could  not  be  located  in  the  files  of  the  USBR. 

Natural  joints  were  obtained  for  laboratory  shear  tests  from  the 
extension  of  the  joints  tested  in  the  field.  Both  direct  shear  and  pro- 
portional shear  tests  were  conducted  in  the  laboratory  (Figure  28).  In 
addition,  cores  were  obtained  from  highly  cross-bedded  surface  rock  near 
the  dam  and  sheared  parallel  to  the  bedding  planes  in  the  laboratory 
(Figure  29).  The  surprisingly  large  difference  in  the  friction  angle 
between  the  natural  joint  (42.1°)  and  the  crossbed  (32.6°)  indicates  that 
the  crossbeds  could  very  well  act  as  planes  of  weakness  if  unfavorably 
oriented  and  if  they  individually  extended  over  large  areas.  Uniaxial 
compression  tests  were  also  run  on  3/4-inch  diameter  and  2-inch  diameter 
cores  oriented  parallel  and  perpendicular  to  the  bedding  planes. 
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Figure  28.  Relation  of  t vs  on  for  in  situ  and  laboratory 
di.ect  shear  and  45°  proportional  shear  test, 
Glen  Canyon. 


GLEN  CANYON  OAM 

OLAQ  TEST  AOIT  N0.5 
XFi-LD  TEST  AOIT  NOS 


(CONSTANT  CTn) 
T -i.es  t.7SScrN 
/ 32.6*  (45*  PATH) 
T • 208  t .644  C TN 


Figure  29.  Comparison  of  t vs  on  for  laboratory  specimen 
with  natural  joints  and  bedding  planes,  Glen 


Cedar  City  Test  Site 


An  extensive  series  of  laboratory  shear  tests  were  conducted  on 
natural  joints  and  artificially  prepared  joints  of  Cedar  City  quartz 
diorite.  Jointed  specimens  were  sheared  under  a variety  of  loading 
paths  and  at  several  stress  levels.  Load  paths  included  (1)  direct 
shear  loading  where  shear  stress  is  applied  after  the  specimen  has 
been  subjected  to  a predetermined  normal  stress,  and  (2)  proportional 
shear  loading  where  shear  stress  and  normal  stress  are  applied  in  a 
prescribed  ratio  after  a low  initial  normal  stress  has  been  applied. 

Twenty-two  specimens  were  sheared  under  164  loading  cycles.  Due 
to  the  limited  number  of  specimens  available,  11  rreviously  sheared 
specimens  were  repositioned  and  sheared  again.  In  addition,  most 
virgin  specimens  were  sheared  at  several  initial  normal  stresses  and, 
in  some  cases,  under  different  load  paths.  In  the  latter  case,  a 
minimum  amount  of  shear  displacement  was  allowed  after  the  maximum 
shear  stress  was  reached.  This  reduced  the  effect  of  past  loading  on 
the  next  load  cycle  due  to  modification  of  the  sheared  surface.  A 
summary  of  all  laboratory  shear  tests  is  contained  in  Table  IV. 

Specimens  containing  natural  joints  were  obtained  by  coring  parallel 
to  and  centered  over  natural  joints  at  the  Cedar  City,  Utah  test  site. 

All  specimens  were  cored  from  joints  within  a 20  x 20  foot  area.  Naturally 
jointed  specimens  sheared  in  the  laboratory  were  approximately  5 3/4 
inches  in  diameter  by  6 inches  long.  Art i f i cal  1 y jointed  specimens  were 
prepared  from  2 -inch  diameter  intact  cores  taken  in  the  field  near  the 
jointed  cores.  The  intact  cores  were  either  saw  cut  along  the  longitudinal 
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Table  IV.  Summary  of  Laboratory  Shear  Tests. 


axis  or  fractured  longitudinally  in  brazil i an  tension.  Artificial 
joints  were  approximately  2 inches  in  diameter  by  4 inches  long.  Typi- 
cal profiles  of  natural,  saw-cut  and  Brazilian  joints  are  shown  in 
Figure  30. 

Various  load  paths  (Figure  31)  were  followed  in  the  laboratory 
shear  tests  The  majority  of  tests  were  either  direct  shear  (constant 
o ) or  30°  and  45°  proportional  shear.  Several  37%"  , one  41  and  one 
negative  45"  proportional  load  paths  were  also  run.  The  angles  (30°, 
37*5°,  45  J)  of  the  proportional  load  paths  were  chosen  to  simulate  the 
loading  conditions  in  the  in  situ , triangular  prism  tests,  where  the 
natural  joints  were  orieited  at  different  fixed  angles,  a,  relative 
to  the  prism  axis.  The  angle  a (Figure  32)  fixes  the  relative  amount 
of  shear  stress  (t)  and  normal  stress  (o  ) applied  to  the  joint  as  the 
pressure  (P)  is  increased.  From  geometric  constraints  it  follows  that, 

o 

t , n 

cos  a = p-  and  sin  a = p— 

i-.  -r±-  or  i 

a sin  a tan  a tan  a 

n 

and  where  a = 30 J,  37%°  and  45°,  then  t = 1.73  o^,  1.3  c>n  and 
respectively.  Thus,  the  laboratory  proportional  shear  test  directly 
simulates  the  load  path  in  the  field  shear  test.  The  laboratory  and 
field  tests  do  differ,  however,  in  the  amount  of  initial  normal  stress 
apnlied  to  the  joint.  The  initial  °n  in  the  field  is  zero.  However, 
in  the  laboratory  shear  test,  initial  cr  is  known  and  easily  varied. 
Results  from  a typical  laboratory  45  proportional  shear  test  on  a 
natural  joint  are  shown  in  Figure  33. 

Due  to  the  differences  in  joint  roughness,  joint  filling  and  actual 
joint  contact  area,  particularly  between  natural  and  Brazilian  joints, 
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the  test  results  show  variable  data  scatter  between  different  joints 
tested.  Therefore,  test  results  from  individual  tests  have  been  grouped 
and  analyzed  according  to  (1)  joint  type  (natural,  saw-cut,  Brazilian) 
and  (2)  load  path.  A l^ast  square  straight  line  fit  and  the  standard 
deviation  of  individual  data  points  from  the  straight  line  (Figures  34, 

35  and  36)  have  been  computed  for  each  group  of  data.  The  bar  on  the 
straight  line  is  the  standard  deviation  of  shear  stress  (x)  and  the 
number  in  parenthesis  near  the  bar  is  the  number  of  data  points  repre- 
sented by  the  straight  line  fit.  The  equation  of  the  straight  line  is 
T = To  + p an  where  c0  is  the  intercept  and  represents  joint  cohesion 
and  vi  is  the  coefficient  of  friction.  Values  of  t and  y as  well  as 
friction  angle,  <j>,  and  standard  deviation,  t.  , are  presented  in  Table  I. 

The  relative  shape  and  magnitude  of  typical  shear  stress-shear 
displacement  curves  (Figures  37  and  38)  for  natural  and  saw-cut  joints 
sheared  under  direct,  30°  and  45°  loading  cyues  can  be  seen.  The 
initial  and  the  maximum  «n  corresponding  to  the  maximum  t and  the  sequence 
of  cycling  are  noted  in  the  graphs.  The  shear  displacements  are  shown 
to  start  at  zero  displacement  for  clarity.  However,  each  cycle  is 
sheared  at  progressively  larger  displacements  along  the  joint  as  shown 
in  Figure  39.  The  shear  stiffness  or  slope  of  the  curves  generally 
increases  at  higher  on-  Also,  specimens  with  natural  joints  shear  to  a 
residual  shear  stress  lower  than  the  maximum  shear  stress,  while  saw-cut 
specimens  shear  to  a residual  stress  nearly  equal  to  the  maximum  shear 
stress. 

The  magnitude  of  maximum  shear  stress  is  reduced  by  prior  loading 
history.  Figure  40  is  an  example  of  a natural  joint  sheared  to  approxi- 
mately 0.5-inch  displacement  (8%  of  total  length)  and  then  repositioned 
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and  sheared  again  under  the  same  load  conditions.  The  friction  angle 
from  first  to  second  shearing  was  reduced  (Figure  41).  The  effect  of 
repositioning  on  the  friction  angle  for  all  direct  shear  tests  on  natural 
joints  (Figure  42)  is  also  shown.  The  friction  angle  of  repositioned 
specimens  sheared  to  "large"  displacements  is  obviously  lower  than 
virgin  specimens  loaded  ur Jer  the  same  conditions.  However,  the  effect 
of  cycling  a virgin  joinr.  under  various  load  conditions  to  "sm:ll" 
shear  displacements  does  not  appear  to  change  joint  frictional  properties 
significantly.  Two  series  of  direct-shear  tests  were  conducted  (Figure 
42).  In  one  series,  individual  virgin  specimens  were  sheared  once  only 
and  to  large  displacements;  in  the  second  series,  virgin  specimens  were 
sheared  several  times  each  at  different  normal  stress  and  to  ''small"  shear  dis 
Placements.  The  resulting  friction  envelopes  are  essentially  the  same 

'37.1  and  36.4  ) and  fell  well  within  one  standard  deviation  of  each 
other. 

The  influence  of  joint  roughness  and  contact  area  on  the  friction 
angle  was  investigated.  A cumulative  graph  (Figure  43)  of  tests  which 
include  all  loading  cycles  and  load  paths  run  on  natural,  saw-cut  and 
Brazilian  specimens  illustrates  the  variation  of  friction  angle  for  the 
three  joint  surfaces.  Also,  differences  in  friction  angle  between  the 
three  surfaces  for  30  and  45°  load  paths  (Figures  44  and  45)  are  shown. 

The  frictional  properties  of  a given  joint  depend  on  the  resultant 
effects  of  both  surface  roughness  and  contact  area.  This  observation  is 
illustrated  schematically  in  Figure  46.  Fr0m  joint  profiles  (Figure  30) 
the  relative  surface  roughness  is  apparent,  and  the  relative  contact 
area  can  be  seen  by  inspecting  the  surface  gouge  after  shearing  takes 
place.  A striking  example  of  a low  contact  area  is  shown  (Figure  47) 
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Figure  42.  Shear  stress-normal  stress  for  natural  joints  (Cedar  City) 
shear  under  either  one  or  several  direct  shear  load  cycles, 
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Figure  43.  Cummulative  shear  stress -normal  stress  for  natural,  saw-cut 

and  Brazilian  joints  (Cedar  City)  sheared  under  various 
load  paths. 
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Figure  46.  Schematic  of  surface  roughness 
and  contact  area  effects  versus 
friction  angle. 


Figure  47.  Natural  joint  (Cedar  City)  with  low  contact 
area. 


where  an  irregular  natural  joint  partially  filled  with  soil  was  sheared. 
The  lighter  areas  of  the  photograph  are  gouged  or  contact  points,  while 
the  dark  area  was  untouched.  The  contact  area  of  the  specimen  was  approx- 
imately 30  percent.  The  resulting  friction  angle  was  28.1°  compared  with 
33°  for  all  other  similar  load  paths  on  natural  joints. 

The  effect  of  load  paths  (constant  normal  stress  and  30“  and  45° 
proportional  stress)  on  friction  angle  for  saw-cut  and  natural  joints 
was  also  investigated.  Results  for  saw-cut  specimens  do  not  conclusively 
show  path  dependence;  however,  there  is  a slight  decrease  in  friction 
angle  from  direct  shear  to  30°  and  45°  proportional  loading  tests 
(Figure  48).  For  a natural  joint,  however,  a more  striking  difference 
in  friction  angle  occurs  for  different  load  paths.  Even  though  the 
variability  in  data  for  natural  joints  is  large  compared  to  saw-cut 
joints,  there  appears  to  be  a definite  trend  in  the  data  which  indicate 
a load-path  effect,  especially  for  the  30°  and  37%°  paths  (Figure  49). 


SECTION  VII 
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To  date,  46  in  situ  tests  (24  intact  and  22  jointed  speci- 
mens) have  been  conducted  in  a variety  of  rock  types  including  granite, 
sandstone,  amphibolite  and  chloritir:  schist.  Specimens  have  been  cut 
out  and  tested  in  terrain  ranging  from  horizontal  outcrops  to  nearly 
vertical  tunnel  walls.  Specimens  have  ranged  from  effective  diameters 
of  5 to  51  inches.  Tests  on  specimens  with  a single  joint  have  been 
conducted  on  surface  areas  ranging  from  22  square  inches  to  5.5  square 
feet. 


The  length  of  time  involved  in  testing  an  in  situ  specimen, 
incluaing  specimen  preparation,  flatjack  emplacement,  instrumentation 
and  actual  testing  ranges  from  3 days  for  a 1 by  2 foot  specimen  to 
5 days  for  a 3 by  6 foot  specimen.  The  difference  in  the  time  periods 
reflects  the  time  required  for  actual  excavation  of  the  specimen. 

During  the  instrumentation  and  testing  of  one  specimen  a second  specimen 
can  be  prepared  thereby  decreasing  the  total  time  required  at  a test 
site. 


Stress-strain  data  for  intact  rock  (Figure  50  ) illustrates  the 
data  scatter  from  a single  test.  This  data  spread  is  similar  in  magni- 
tude to  that  from  laboratory  tests  with  a comparable  number  and  dis- 
tribution of  strain  gages.  Modulus  and  Poisson's  ratio  data  are 
obtained  from  gages  located  in  the  center  of  the  specimen. 

The  in  situ  shear  test  differs  from  a direct  shear  test  in  that 
a direct  shear  specimen  is  sheared  at  a predetermined  stress  applied 
normal  to  the  discontinuity,  while  the  normal  stress  on  the  joint  of 
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our  In  vdiu  specimen  is  continually  increasing  as  the  specimen  is 
loaded  because  of  the  fixed  joint  angle.  Thus,  the  loading  paths 
differ  for  the  two  tests.  In  either  in  situ  or  laboratory  direct 
shear  tests,  the  friction  envelope  is  developed  by  shearing  a specimen(s) 
at  a series  of  normal  stresses.  In  situ  the  envelope  is  deve- 
loped by  conducting  a sequence  of  tests  with  the  joint  at  different 
angles  to  the  loading  axis. 

The  shape  of  the  shear  stress-displacement  curve  is  dictated  by 

the  character  of  the  joint  (Figure  51).  As  fresh,  intact  joints 

(curve  1)  are  sheared,  there  is  a rapid  decrease  in  shear  strength 

from  an  initial  shear  strength  (-.. ) to  a residual  shear  strength  (t  ). 

In  contrast,  joints  with  filling  material  such  as  calcite  or  clay 

(curve  2)  have  curves  whose  t.  nd  x are  nearly  the  same  and  whose 

i r 

shear  stiffness  is  also  significantly  lower.  The  shear  stiffness  is 

defined  as  the  slope  of  the  shear-stress-displacement  curve. 

Several  test  programs  have  been  conducted  by  yprra  Tek  to  determine 

material  property  data  that  will  be  useful  in  formulating  realistic 

models  for  rock  mass  response  to  static  and  dynamic  loads.  These  include: 

(1)  the  effect  of  specimen  size  on  strength  and  deformation  of  "intact" 

2 

rock-  (2)  the  effect  of  joint  surface  area  on  frictional  properties 
(coefficient  of  friction,  shear  stiffness,  normal  stiffness)  of  natural 
joints,  (3)  effect  of  joint  orientation  on  shear  strength,  (4)  effects 
of  joint  filling  material  in  frictional  properties,  (5)  a comparison 
of  frictional  properties  determined  by  our  in  situ  technique  and  labora- 
tory direct  shear  tests,  and  (6)  a comparison  of  deformation  of  singly- 
and  multiply-jointed  specimens. 
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Figure  51.  Shear  stress  versus  displacement  for  joints  with 

different  surface  areas.  All  specimens  had  a single 
joint  oriented  45°  to  axis  of  loading. 


To  evaluate  the  use  of  the  Terra  Tek  technique  for  testing  in  situ 
intact  and  jointed  rock,  several  factors  should  be  considered.  (1)  The 
technique  is  limited  to  rock  masses  competent  enough  t«‘.  allow  sample 
preparation  without  significant  disturbance.  (2)  Only  exposed  rock  can 
be  tested.  (3)  The  load  is  static  and  rate  effects  must  be  extrapolated 
if  dynamic  properties  are  wanted.  (4)  Since  the  rock  mass  itself  acts 
as  a reaction  frame  for  loading  the  trangular  prism,  the  competence  of 
rock  around  the  specimen  must  be  considered  to  avoid  rock  failure  other 
than  within  the  specimen.  (5)  Since  the  ratio  of  normal  stress  to  shear 
stress  applied  to  a jointed  specimen  is  fixed  by  the  orientation  of  the 
joint  with  Drism  axis,  two  or  more  tests  are  required  to  obtain  a 
friction  envelope. 

In  spite  of  the  above  constraints  and  limitations,  we  feel  that  our 
technique  has  advantages  and  features  which,  make  it  a valuable  tool  for 
measuring  the  strengtn  and  frictional  properties  of  rock  in  aitu.  (1) 
Compared  t<  conventional  laboratory  specimen  sizes,  relatively  large 
volumes  of  reck  car.  be  tested  which  contain  fractures  and  discontinuities 
representative  of  rock  mass  properties.  (2)  Large  joint  areas  ca"  De 
sheared  to  large  displacements,  so  that  frictional  properties  can  be 
measured  on  natural  joints  where  wave  length  and  amplitude  is  signifi- 
cant. (3)  The  specimen  is  a homogeneously-stressed  solid.  (4)  Tests 
have  been  successfully  conducted  using  this  test  technique  for  intact 
and  jointed  specimens  in  a variety  of  rock  types,  over  a significant 
range  of  specimen  sizes  with  the  logistical  constraints  typical  of  con- 
struction sites  or  exploratory  tunnels. 

Tests  have  been  conducted  at  two  Bureau  of  Reclamation  dam  sites 
and  the  Mixed  Company  test  site  at  or  as  near  as  possible  to  locations 


where  in  situ  direct  shear,  uniaxial  jacking  and  radial  jacking  tests 
were  previously  conducted.  The  purpose  of  conducting  tests  at  the  dam 
sites  was  to  determine  the  potential  of  this  approach  as  a practical 
measuring  technique  and  to  compare  our  test  results  with  the  previously 
obtained  results  from  other  shear  and  deformation  tests.  The  specimens 
have  been  prepared  and  successfully  tested  under  constraints  at  such 
sites.  The  tests  were  conducted  at  the  Mixed  Company  site  to  measure 

strength  and  deformation  in  situ  and  to  determine  the  effect  of  specimen 
size. 

Size  Effects 

This  and  other  studies22’23’24  have  shown  that  both  the  strength  and 
deformation  mo*  ili  (stiffness)  of  rock  masses  is  considerably  less  than 
small  intact  laboratory  samples.  The  magnitude  of  difference  between 
rock  mass  and  laboratory  properties  has  been  shown  to  be  up  to  a factor 
of  10.  These  differences  have  been  attributed  to  the  number,  character 
and  orientation  of  discontinuities  within  the  rock  mass  and  to  size 
effects  in  intact"  blocks  within  the  rock  mass. 

Our  studies  have  been  conducted  on  both  intact  and  jointed  specimens 
ranging  in  size  from  3/4-inch  to  50-inches  in  diameter.  The  tests  were 
carried  out  in  both  the  laboratory  and  in  situ.  An  intact  specimen  is 
simply  defined  as  a rock  sample  without  discernable  joints  or  fractures 
on  the  exposed  surfaces.  Results  from  tests  on  two  rock  types,  diorite 
and  sandstone,  indicate  that  there  is  a significant  decrease  in  strength, 
ranging  from  a factor  of  2 to  a factor  of  4,  with  increasing  specimen 
size  for  intact  rock  (Figure  52).  Beyond  an  apparent  critical  size,  the 
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strength  remained  constant.  This  critical  size  has  important  considera- 
tions with  respect  to  obtaining  rock  mass  properties.  The  effect  of 
specimen  size  on  the  compressive  strength  of  intact  samples  has  been 
debated.  Several  authors  have  found  no  size  effect  for  samples  up  to 
6 inches  in  diameter.25’1-6  Some  authors27,28  found  relatively  small 
size  effects  (up  to  25  percent)  for  small  samples  over  a limited  range 
of  sizes  (Figure  53).  Huck“9  found  a decrease  in  strength  by  a factor 
of  two  on  samples  of  granite  up  to  32  inches  in  diameter.  To  date, 
these  samples  are  the  largest  tested  in  the  laboratory.  Large-scale  size 
effects  have  been  noted  for  n situ  coal  samples55  (Figure  53). 

Calculations  of  the  response  of  large  rock  masses  to  static  or 
dynamic  loads  depend  to  a large  extent  on  measurements  made  on  specimens 
in  the  laboratory  and  in  situ  studies  such  as  we  describe  here.  In 
either  case,  the  specimen  is  often  much  smaller  than  the  prototype  and 
so  appropriate  scaling  of  data  is  of  paramount  importance.  Studies  of 
the  effect  of  size  on  material  properties  have  been  directeo  primarily 
towards  predicting  the  strength  of  large  bodies  from  the  strength  of 
small  models  and  the  effect  of  size  on  modulus  and  friction  has  received 
little  attention.  Weibull's  theory  for  the  effect  of  size  on  strength 
na:  received  acceptance  in  engineering  circles  and  is  widely  used  for 
predicting  strength  of  manufactured  parts.  The  fundamental  basis  of  the 
tneory,  that  the  strength  of  a body  is  governed  by  the  presence  of  flaws, 
is  appropriate  for  rocks  where  the  relatively  low  strength  is  generally 
attributed  to  the  presence  of  cracks.  Weibull  assumes  that  the  weakest 
element,  i.e.,  the  largest  flaw,  determines  the  strength  of  a sample.  A 
certain  "underlying  distribution"  of  flaw  sizes  is  assumed  to  be  chara- 
cteristic of  a given  material,  independent  of  the  size  of  the  sample. 
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EFFECTIVE  DIAMETER  (in.) 

Figure  52.  The  decrease  in  strength  as  a function  of  speci 
size  for  diorite  and  sandstone. 


Figure  53.  Size  effects  for  a variety  of  rock  types. 


Large  samples  therefore  are  usual ly  weaker  than  small  ones  because  of 
the  greater  probability  of  finding  a large  flaw  among  the  greater  number 
of  flaws  present  in  a large  sample. 

Whether  the  size  effect  we  find  in  Kayenta  sandstone  and  Cedar  City 
qjartz  diorite  (Figure  52)  is,  in  fact,  explained  by  Weibull's  theory 
is  open  to  question.  In  the  first  place  Weibull  assumes  that  strength 
is  limited  by  the  single  largest  crack,  whereas  fracture  of  rock  in 
compression  involves  the  growth  and  coalescence  of  many  cracKs.  Micro- 
cracks are  known  to  form  randomly  over  a wide  range  of  stresses  up  to 
80  to  90  percent  of  failure  strength  at  which  time  they  begin  to  initiate 
and  grow  in  a zone  along  which  ultimate  failure  occurs.  A single  crack 
somewhat  larger  than  the  general  population  probably  ^as  little  influence 
on  the  compressive  strength  of  our  samples. 

Also,  we  cannot  be  sure  that  the  underlying  distribution  of  flaw 
sizes  is  independent  of  the  size  of  our  specimens  as  assumed  in  the  theory. 
It  is  entirely  possible  that  larger  cracks  are  present  in  our  large 
specimens  than  in  the  small  ones.  An  intact  sample  cannot  contain  a 
flaw  larger  than  the  sample  itself,  after  all.  The  low  strength  of  the 
large  amp^es  described  ir  Figure  52  may  b^  due  simply  to  the  presence 
of  (relatively)  very  large  cracks;  however,  this  explanation  is  entirely 
speculative  until  someone  determines  the  entire  spectrum  of  flaw  sizes 
present  in  large  rock  masses. 

The  possibility  exists  that  the  size  effect  measured  in  our  study 
and  in  others  is  due  to  some  factor  entirely  unrelated  to  the  flaws  which 
are  present.  The  strength  of  a sample  of  quartz  diorite  in  situ  was 
found  in  another  study2  to  be  about  the  same  as  a sample  of  the  same  size 
measured  in  the  laboratory,  so  the  size  effect  in  Figure  52  does  not 
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appear  to  be  due  to  some  inherent  difference  between  our  laboratory  and 
in  ui.lu  testing  techniques.  Stress  gradients  have  also  been  suggested 
as  a possible  cause  of  size  effect,  with  small  samples,  where  a relatively 
saml 1 volume  of  material  is  subjected  to  high  stress,  being  stronger 
than  large  samples.  The  length/diameter  ratio  of  our  samples  is  suffi- 
ciently large  that  stress  concentration  due  to  end  constraint  has  a small 
effect  on  stresses  in  the  section  where  fracture  occurs.  Stress  gradients 
are,  therefore,  probably  coo  small  to  account  for  the  large  effect 
exhibited  by  the  data  in  Figure  52.  The  explanation  for  the  effect  of 
size  upon  the  strength  of  roc<  in  compression  is  subtle,  judging  by  the 
lack  of  a generally  accepted  theory,  and  a more  comprehensive  investigation 
is  needed. 

The  shear  strength  of  natural  joints  was  tested  over  a wide  range  of 
surface  areas  from  20  to  1000  inches.2  Again,  a size  effect  was  noted, 
wth  the  shear  strength  decreasing  with  increasing  surface  area  (Figure  54). 
The  size  effect  that  we  noted  over  a large  range  of  surface  areas  of 
natural  joints  is  attributed  to  a contact  area  effect.  It  is  apparent 
from  post-test  examination  of  sheared  joints  that  the  contact  area  may 
be  as  low  as  10  to  20  percent,  depending  on  the  wave  length  and  amplitude 
of  the  asperities  and  the  secondary  modification  of  the  joint.  The 
stress  applied  to  the  joint  during  the  loading  phase  is  thus  distributed 
only  over  the  contact  area  so  that  the  "real"  shear  stress  is  considerably 
greater  than  the  stress  calculated  from  the  total  area  of  the  joint. 

This  leads  to  the  size  effect  for  larger  surface  areas  with  lower  con- 
tact area.  The  effect  of  contact  area  on  shear  strength  has  also  been 
shown  for  laboratory  specimens.  This  size  efTect  would  disappear  if  the 

contact  area  and  relative  roughness  remained  constant  for  all  specimen 
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sizes.  The  effect  would  also  diminish  at  high  normal  stresses  for 
relatively  soft  material.  The  decrease  in  shear  strength  with  size  also 
appears  to  asymtotically  approach  a limiting  value  related  to  the 
wavelength  and  amplitude  of  the  joint  under  consideration. 

Deform ation  and  Strength 

The  tn  situ  modulus  is  a parameter  required  to  calculate  the  global 
response  of  a rock  mass.  Our  previous  studies'*3  have  shown  that  there 
is  no  di scernable  size  effect  with  respect  to  the  modulus  of  intact 
samples.  However,  the  modulus  of  situ  jointed  rock  has  been  shown  to 
be  considerably  less  than  modulus  data  obtained  from  intact  specimens.22,24 
In  our  study  the  average  intact  modulus  of  Cedar  City  quartz  diorite 
obtained  from  field  samples  was  .64  x 10*  psi  while  that  of  rocks  with 
multiple  joints  was  .12  x 10r • a decrease  of  almost  a factor  of  5.  Recent 
studies  in  granite  using  a Goodman  jack  to  obtain  deformation  modulus 
indicated  that  the  ratio  of  laboratory  to  in  situ  modulus  ranged  from 
9.8  to  7.2  for  3000  and  9000  psi  stress  levels,  respectively,  and  that 
the  ratio  at  a given  stress  level  also  varied  depending  on  the  frequency 
and  orientation  of  the  joints.34  The  contribution  of  joint(s)  to  the 
total  deformation  depends  on  the  initial  aperatures  of  the  joints  and 
loading  state.  Biaxial  and  uniaxial  loading  tests  on  a large  in  situ 
cube  of  granite  illustrates  these  points.35  In  biaxial  loading  the  con- 
tribution at  a stress  level  of  500  psi  of  the  individual  joints  (D„+DL+D6) 
to  the  total  deformation  is  approximately  equivalent  to  the  deformation 
of  the  intact  rock  (Sj  which  contained  extensive  small  fractures  (Figure 
55).  The  contributions  to  the  total  deformation  of  individual  joints 
also  varies.  At  low  stress  the  joint  contribution  is  significantly 


65 


T 


800b 


& 600f 


in 

m 

Ui 


400 


or 

4 

u 

x 

in 


200b 


ffn  • 430  p*i 


i 1 i I 

10  100  1000 

AREA  (inch#*2) 

Figure  54.  Maximum  shear  strength  as  a 

function  of  joint  area.  Speci- 
mens have  a single  joint. 


Figure  55.  Stress-displacement  diagram  showing  the  con- 
tribution of  closure  of  individual  joints  and 
the  average  displacement  (Sj)  of  the  "intact" 
rock  to  the  total  shortening  of  the  entire 
block.  In  terms  of  displacement:  D,  = 

04  + D5  + Dg  + S, . 
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greater.  In  uniaxial  compression  *he  contribution  of  an  individual  joint 
(83';;)  is  significantly  greater  than  the  contribution  of  the  elastic 
deformation  and  the  contribution  of  the  microcracks  (Figure  86).  It 
is  significant  to  note  that  the  joints  stiffened  above  300  psi  and  the 
contribution  of  the  joint  was  incremental ly  smaller.  The  deformation 
modulus  of  the  block  at  low  stresses  (<  200  psi)  was  .11  x 10G  psi  and 
1.2  x 106  psi  at  higher  stresses  (2000  psi)  indicating  that  both  the  joints 
and  microcracks  were  closing.  This  modulus  is  still  approximately  a 
factor  of  3 lower  than  the  Young's  modulus  of  3.4  x 10fj  psi  of  small, 
intact  specimens  tested  in  the  laboratory.  The  ultimate  strength  of  this 
rock  was  19,000  psi. 

The  factor  by  which  the  modulus  of  a small,  intact  specimen  should 
be  reduced  is,  therefore,  dependent  on  the  stress  level  of  interest.  At 
very  low  stresses  (<  200  psi)  the  factor  may  range  from  5 to  perhaps  as 
high  as  30  depending  on  joint  aperature  and  filling  material.  At  higher 
stresses  the  reduction  factor  will  be  significantly  lower  approaching 
unity  at  high  stresses.  The  compressional  behavior  (normal  stiffness) 
of  a joint  at  constant  shear  stress  can  be  modelled  by  a function  like 

or 

the  curve  shown  in  Figure  57a  . 

The  modulus  ratio  ^En/D-,-  ),  relating  the  deformation  modulus  (En) 

u *50  u' 

obtained  in  the  field  to  the  modulus  obtained  in  the  laboratory  (E^  ) 

1 so 

was  found  to  be  a correlative  with  spacing  and  character  of  joints  as 
measured  by  rock  quality  ( RQD)  (Figure  58a)  the  ratio  of  seismic  velocities 
obtained  in  the  laboratory  and  in  the  field  (Vp/V^)  (Figure  58ti  • The 
RQD  or  the  velocity  ratio  along  with  laboratory  values  of  modulus  have 
been  used  to  estimate  the  in  situ  deformation  modulus.  The  correlation 
between  these  parameters  is  only  fair,  as  indicated  by  the  rather  low 
correlation  coefficients. 
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Figure  58.  Variation  of  modulus  ratio  with 
RQD  (a)  velocity  ratio  (b). 
(Ref.  24) 
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Experimental  studies  on  rock  and  modeling  material*’  indicate  that 

both  the  frictional  strenath  and  the  stiffness  of  jointed  media  is  a 

function  of  both  the  number  and  orientation  of  the  joints  (Fiqure  59). 

The  failure  envelope  of  the  jointed  material  approaches  that  of  intact 

material  s the  number  of  joints  decrease  with  respect  to  the  loading 

area  and  as  the  orientation  becomes  unfavorable  "or  frictional  sliding 

and  as  no  block  interaction  enhances  the  strength  or  stiffness.  Under 

high  confining  pressure  the  strength  of  jointed  or  fractured  rock  app  'aches 

37 

that  of  intact  rock. 

The  ultimate  failure  of  intact  rock  has  been  shown  to  be  indepen- 
38 

dent  of  load  path.  To  date,  the  effect  of  load  path  on  the  frictional 
strength  of  jointed  rock  has  not  been  studied.  Direct  and  proportional 
shear  tests  on  natural  joints  and  sawcuts  indicates  that  the  frictional 
strength  is  sensitive  to  load  path  (Figures  48  and  49).  Direct  shear 
tests  give  a significantly  higher  friction  angle  than  proportional 
shear  tests  on  natural  joints.  A difference  of  7 degrees  was  noted 
between  the  direct  shear  test  and  proportional  shear  tests  along  30° 
and  37'2°  load  paths.  The  difference  may  be  due  to  the  fact  that 
asperities  in  the  direct  shear  are  interlocked  by  the  applied  normal 
load  and  it  required  a higher  shear  stress  to  cause  sliding  than  in 
tests  in  which  the  shear  and  normal  stresses  are  applied  in  a ratio 
in  which  the  shear  stress  dominates.  This  reasoning  is  reinforced  by 
the  fact  that  a more  pronounced  difference  ir  friction  angle  is  seen 
in  natural  joints  (7  ) than  for  saw-cut  surfaces  ( 1 ').  Most  struc- 
tures (dams,  silos,  etc.)  are,  in  reality,  loaded  in  proportional 
shear  rather  than  direct  shear  since  both  the  normal  and  shear  load 


Figure  59.  Failure  envelopes  for  intact  and  jointed 
modeling  material  (after  10). 
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are  applied  simultaneously.  The  proportional  load  path  would  also  be 
followed  for  the  loading  of  joints  at  the  edges  of  underground  open- 
ings. The  exact  load  path  would  depend  on  the  orientation  of  the 
in  situ  joint  or  fracture  sets  with  respect  to  the  applied  static  or 
dynamic  load. 

The  shear  stiffness  for  a given  normal  stress  also  decreases  with 
increasing  speciment  dimensions  (Figure  60).  The  trends  in  our  data 
agree  with  that  presented  by  Barton  ^ on  laboratory  and  in  situ  tests  and 
data  derived  from  model  experiments.  Because  stiffness  is  a function  of 
normal  stress  (Figure  61)  at  least  up  to  a certain  normal  stress  level, 
size  effects  must  be  couched  in  terms  of  given  normal  stress.  The  shear 
stiffness  varies  with  displacement  and  is  a function  of  the  boundary 

36 

conditions  once  the  maximum  shear  stress  has  been  obtained  (Figure  57b). 

This  type  of  shear  stiffness  displacement  relationship  can  be  used  for 

modelling  shear  behavior  of  a joint  over  a range  of  stress.  The  measured 

39 

shear  stiffness  for  large  in  situ  samples  has  been  as  low  as  500  psi/in. 
and  as  high  as  50,000  psi/in.  for  prepared  surfaces  tested  in  the  labora- 
tory. The  variation  in  shear  stiffness  values  will  have  an  impact  on 
the  results  of  any  calculation  of  the  response  of  a jointed  rock  mass. 
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SHEAR  STIFFNESS,  Kss  , psi/in 


Figure  60.  Shear  stiffness  as  a function  of  joint  surface  area. 

Dashed  line  represents  range  of  other  published  data 
(Ref.  7) 
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SECTION  VIII 
CONCLUSIONS 

1.  The  testing  technique  developed  by  Terra  Tek  has  advantages 

which  make  it  a valuable  tool  for  measuring  the  strength,  defor- 
mation and  frictional  properties  of  in  situ  rock.  The  technique 
has  been  proven  for  a variety  of  rock  lypes  under  a variety  of 
fit-.Id  conditions  ranging  from  flat  outcrops  to  vertical  walls  in 
exploratory  adits. 

2.  The  strength  and  deformation  modulus  of  in  situ  jointed  rock  may 
be  up  to  a factor  of  10  lower  than  the  same  properties  obtained 
from  small  intact  specimens.  Constitutive  relations  developed 
for  calculation  of  the  response  of  large  volumes  of  in  situ  rock 
must  take  into  account  these  lower  values. 

3.  Size  effect  curves  must  be  established  for  both  the  strength  and 
deformation  of  intact  and  jointed  rock.  Once  the  size  effect 
for  a particular  rock  has  been  found,  then  the  strength  and 
deformation  of  the  rock  can  he  estimated  from  laboratory  values 

and  scaled  appropriately  depending  on  the  orientation  and  frequency 
of  discontunities. 

4.  The  frictional  properties  of  rock  are  load  path  dependent.  Pro- 
portional shear  tests  of  natural,  undisturbed  rock  along  load 
paths  estimated  from  the  orientation  of  joint  sets  in  the  field 
with  respect  to  the  applied  load  offer  a viable  method  for 
measuring  frictional  strength  and  stiffness. 
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The  Kayenta  sandstone  from  the  Mixed  Company  site  exhibited  a size 
effect  of  about  a factor  of  2.  The  mode  of  failure  was  along 
relict  bedding  planes.  The  rock  also  exhibited  a marked  anisotropy, 
even  for  small  samples,  which  should  be  taken  into  account  when 
modelling  the  site  for  dynamic  calculations. 
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